In this study, surface roughness values of electrodeposits from chloride solution (0.1 mol/L CuCl, 0.05 mol/L HCl and 4.0 mol/L NaCl electrolytes) under potentiostatic conditions were characterized in terms of root mean square roughness (RMS roughness) using a Mirau interferometer, an optical microscope, and computer software analysis. A variety of organic additives were used to study their influence on RMS roughness values. The surface roughness of copper electrodeposits in the presence of gelatin (RMS roughness = 0.38 µm) is significantly lower than in the absence of additives (RMS roughness = 15.19 µm). The use of gelatin also resulted in lower roughness than other additives (RMS roughness ranging from 16.75 to 3.30 µm). The copper electrodeposition tests were performed under rotating disk electrodeposition conditions (100 mV cathodic overpotential for 1 h under argon purging at 500 rpm). The effect of additive concentration on RMS roughness values was also evaluated. As cathodic overpotential and deposition time increased, the RMS roughness increased at low overpotential and deposition time. RMS roughness did not increase significantly at longer deposition times in the presence and absence of gelatin.
Introduction
Electrodeposition is an important technique widely used in many industries such as electronics, decoration, electrowinning, etc. Researchers have proposed and evaluated many routes to recover copper from sulfide minerals (chalcopyrites, CuFeS 2 ) via hydrometallurgical means. 1) It was found that the use of halide solution together with an oxidant such as cupric ions helped to leach the copper from chalcopyrite. 1, 2) Halide dissolution of chalcopyrite results in cuprous ion formation. Consequently, the electron requirement for electrowinning from halide solutions is half of the traditional requirement of two electrons for reduction from the cupric ion state in sulfate systems. However, copper electrodeposits in halide media are morphologically rougher than those in sulfate media. 2) A simple way of obtaining the surface roughness values of electrodeposits involves a Mirau interferometer in conjunction with an optical microscope and computer software. 3, 4) The surface roughness was characterized mathematically as the root mean squared roughness (RMS roughness) shown in eq. (1) .
L is the length of the measured sequence and y is the topographic height as a function of the x-position along the length of the surface. Typically, there are different ways to reduce the surface roughness of a copper electrodeposit. One way to reduce roughness is to appropriately control the mass transport of ions to the depositing surface. Another way to reduce roughness is to use smoothing additives. Adding organic compounds is one of the most effective and most frequently used methods to control the quality of the electrodeposits.
57)
Researchers have shown that the addition of compounds such as thiourea, polyethylene glycol, gelatin, guar, glycine, etc. results in reduced roughness. 514) Many researchers have tried to understand the mechanism by which organic additives modify morphology during electrodeposition.
Rodchanarowan and coworkers showed that high molecular weight molecules such as gelatin, polyethyleneoxide (PEO), polyacrylamide (PAA), polyvinylpyrrodilone (PVP) and polyvinylalcohol (PVA) reduce surface roughness significantly. 3, 4, 15, 16) These high molecular weight additives tended to suppress anomalous growth. In addition, these additives increased the nucleation rate, resulting in smoother electrodeposits than in the absence of such additives. 3, 4, 15, 16) This study was undertaken to extend the work by Rodchanarowan and coworkers performed under galvanostatic control to include potentiostatic control. Thus, this paper is focused on evaluating the influence of organic additives on the surface roughness of copper electrodeposits in chloride based media under potentiostatic control.
Experimental Procedures

Electrodeposition instruments and experiments
All electrochemical tests were performed using either an EG&G 273 potentiostat operated through PowerSuite software made by Princeton Applied Research or a PCI4/750 potentiostat operated through Virtual Front Panel software made by Gamry Instruments. The EG&G potentiostat was connected to a computer which was connected to an AFASR rotator from Pine Instruments. The PCI4/750 potentiostat was connected to a computer which was connected to a MSR rotator from Pine Instruments.
All of the electrodeposition experiments were performed in a three electrode cell with a counter electrode (Pt electrode), a reference electrode (saturated calomel electrode: SCE) and a working electrode (Cu disc electrode). The copper disc working electrode (99.999% purity) was mounted in a Teflon holder with a copper surface area of 0.203 cm 2 exposed to the electrolyte. All of the solutions were prepared using reagent grade chemicals and ASTM Type I water. The base solution used in the experiments contained 0.1 M CuCl (97% purity, Alfa Aesar), 0.05 M HCl (36.538% purity, EMP) and 4 M NaCl (99.0% purity, Mallinckrodt Chemicals). All of these chemicals were used without further purification.
The working electrode was polished with 600-grit polishing paper, then rinsed with pure water, and ultrasonically cleaned. Each working electrode was further polished with Microcut silicon carbide grinding paper (P4000), and Micropolish alumina powder (1.0 µm) to obtain a smooth, clean surface. Finally, the electrode was cleaned in an ultrasonic water bath to remove polishing particles from the surface.
Topography measurement
In this study, surface morphology was characterized by root mean squared roughness (RMS roughness). The working principle for the measurement of roughness is based on Mirau interferometry. As shown in Fig. 1 , the light beam 'A' from a light source is split into beam 'B' and 'C' by a beam splitter. Beam 'B' is reflected back as beam 'D' from the surface. The interference between the beams 'C' and 'D' is then recorded by a CCD camera through the Lead Capture software. The electrodeposit specimen is moved up or down at a constant speed so that the interference fringes are observed at every pixel in each of the sequential images recorded at each vertical position. The image files are later converted to a desired format by Microimage software. The image files are converted to a topographic image and RMS roughness values are calculated from the topographic image using MATLAB. The RMS roughness is defined mathematically as shown in eq. (1).
Results and Discussion
The chemistry of the copper-chloride-water system was studied using potentiodynamic scans. The effect of rotational speed on copper-chloride reaction is presented in Fig. 2 . As seen in Fig. 2 , the mass transport of cuprous ion is greatly improved when the rotational speed of the copper electrode increases. The limiting current densities (i L ) at 250, 500 and 1000 rpm were measured to be 23.9, 34.7 and 47.8 mA/cm 2 , respectively using the data in Fig. 2 . The values of limiting current density (i L ) were directly proportional to the square root of angular velocity (½) of the copper disc electrode.
Two different electrodeposition techniques can be used to deposit copper from dissolved cuprous ions from the chloride media: galvanostatic and potentiostatic. Potentiostatic conditions were used in this study since this information has not been reported previously.
The effect of different additives on RMS roughness under the potentiostatic conditions was studied as shown in Fig. 3 . It was found that among all of the additives studied, gelatin provided the lowest RMS roughness value of approximately 0.38 µm. Similar results have been reported using galvanostatic conditions. 14,1517) The presence of other additives yielded RMS roughness values ranging from 3.30 to 16.75 µm. Figure 4 presents the effect of the organic additives concentration on RMS roughness. The RMS Because the cathodic overpotential is the main driving force for the electrodeposition process, the effect of cathodic overpotential on surface roughness of copper electrodeposits was evaluated, and the results of this evaluation are shown in Fig. 6 . The data in Fig. 6 show that the RMS roughness of the copper electrodeposits increases as the magnitude of cathodic overpotential increases. This is related to the fact that as the magnitude of the cathodic overpotential increases, the electrodeposition moves from the electrochemical reaction controlled kinetics to the mass transport controlled kinetics as seen in Fig. 2 as the deposition approaches the limiting current density. This trend is observed in the absence of organic additives and the presence of gelatin. It should be noted that the RMS roughness value of copper electrodeposits in the presence of gelatin is much lower than that in the absence of gelatin.
According to Fig. 7 , the RMS roughness of the copper electrodeposit surface increases rapidly with deposition time during the initial deposition phase. However, as the charge transferred increases with time, the rate of increase in roughness decreases, eventually approaching a steady-state value. This trend is observed in the presence and absence of gelatin.
Deposition onto an atomically smooth substrate always results in roughening that increases with time as nuclei grow. The initial roughness is due to the size and distribution of growing nuclei. However, as the deposition reaches a stage where the surface is covered with new growth and new nuclei, the opportunity for roughening directly from a smooth surface is removed. Consequently, at long deposition times, the surface roughness is a function of the combination of nucleation and growth. Constant surface roughness can be obtained if the rate of nucleation and associated growth is balanced by the removal of nuclei through overlapping growth from adjacent nuclei. 
Conclusions
The effect of organic additives on surface roughness of copper which was potentiostatically electrodeposited in CuCl based solution was investigated using a Mirau interferometer, optical microscope and computer software tools. Surface active, complexation and macromolecular additives were shown to decrease surface roughness relative to control tests with no additives. Among the additives evaluated, copper electrodeposited in the presence of gelatin had the lowest RMS roughness. 
